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Suppressor of Hairless [Su(H)] is a DNA-binding protein that is the main intracellular transducer of the Notch signaling
pathway in Drosophila. Several different mechanisms have been proposed to account for the activation of Su(H) by Notch.
To further investigate how Su(H) activity is regulated we have used misexpression assays with wild-type Su(H) and with
modified forms of Su(H) that contained a nuclear localization signal [Su(H)NLS], a transcriptional activation domain
[Su(H)VP16], or a deletion of the domain required for interaction with the antagonist Hairless [Su(H)DH]. Only Su(H)VP16
was able to mimic Notch activation effectively in the Drosophila wing, in agreement with the model that Notch activity
normally confers coactivator function on Su(H). Neither nuclear localization nor elimination of Hairless binding was
sufficient for activation. The phenotypes produced by overexpression of Su(H)wt and Su(H)NLS indicated a mixture of both
increased and reduced Notch pathway activity and point to a role for Su(H) in both activation and repression of gene
expression, as has been proposed for the mammalian homologue CBF1. Some phenotypes were equivalent to Notch
loss-of-function, with wing-nicks and inhibition of a subset of target genes, which is most consistent with the ectopic
proteins displacing a Su(H)–coactivator complex. Conversely, other phenotypes were equivalent to Notch gain-of-function,
with wing-overgrowths and ectopic target-gene expression. These effects can be explained by the ectopic Su(H)/Su(H)NLS
titrating a repressor complex. The wing-overgrowth phenotype is sensitive to the dose of Hairless and the phenotypes
produced by coexpressing Su(H) and Hairless suggest that Hairless could form a component of this repressive
complex. © 2000 Academic Pressb
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1INTRODUCTION
The Notch signaling pathway is critical for many cell-fate
decisions and it affects the response to specific developmen-
tal signals in a broad spectrum of cells (reviewed in Bray,
1998; Greenwald, 1998; ArtavanisTsakonas et al., 1999).
The individual components of the Notch pathway are
highly conserved between vertebrates and invertebrates and
recent work has made considerable progress in the under-
standing of how the activation of Notch produces changes
in transcription. Current evidence indicates that activation
of Notch by its ligands (Delta and Serrate) results in
proteolytic cleavage, releasing an intracellular fragment of
the receptor (Nicd) that is able to enter the nucleus (Kidd et
l., 1998; Lecourtois and Schweisguth, 1998; Schroeter et
l., 1998; Struhl and Adachi, 1998). This cleaved intracel-
ular Notch fragment interacts physically with the DNA-
1 To whom correspondence should be addressed. Fax: 44-1223-
H333786. E-mail: sjb32@mole.bio.cam.ac.uk.
520inding protein Suppressor of Hairless (Su(H); Fortini and
rtavanis-Tsakonas, 1994; Jarriault et al., 1995; Tamura et
l., 1995) and the two proteins are thought to form a
omplex that activates transcription of target genes such as
nhancer of split (E(spl)) and vestigial (vg) that mediate
Notch function (Jennings et al., 1994; Bailey and Posakony,
1995; Furukawa et al., 1995; Lecourtois and Schweisguth,
995; Kim et al., 1996; Nellesen et al., 1999; Cooper et al.,
000).
In spite of the recent advances that have led to this
roteolysis/nuclear translocation model of Notch signal
ransduction there are still unresolved questions about the
echanisms of Su(H) activation and function. Several ex-
eriments point to Notch providing an activator function to
u(H). For example, fusions between Su(H) and the ankyrin
epeats of Notch or VP16 activation domain have resulted
n phenotypes similar to Notch activation in several sys-
ems, including Xenopus and Drosophila (Wettstein et al.,
997; Kidd et al., 1998; Morel and Schweisguth, 2000).
owever, at least three additional mechanisms that could
0012-1606/00 $35.00
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521Dissecting the Mechanisms of Suppressor of Hairless Functionmodulate Su(H) activity have been proposed. First, the
observation in tissue culture experiments that Su(H) pro-
tein becomes concentrated in the nucleus when Notch-
expressing cells are cocultured with Delta-expressing cells
led to the suggestion that Notch activation causes nuclear
translocation of Su(H) (Fortini and Artavanis-Tsakonas,
1994). In vivo Su(H) is detected in both the cytoplasm and
the nucleus with no obvious correlation between its sub-
cellular localization and the state of Notch activity, al-
though when Nicd is expressed to high levels the endoge-
nous Su(H) becomes concentrated in nuclei (Gho et al.,
1996). It remains possible, therefore, that Notch contributes
to the translocation of Su(H) so that a fraction of the
cytoplasmic pool of Su(H) is activated and translocates to
the nucleus in response to Notch signaling.
A second model of Su(H) regulation emerged from experi-
ments in mammalian tissue culture cells which indicated
that Nicd displaces a histone deacetylase repressor complex
rom CBF1 (the mammalian homologue of Su(H)) (Kao et
l., 1998; Hsieh et al., 1996). In this context CBP acts as a
ranscriptional repressor in the absence of Nicd (Hsieh et al.,
1996). In Drosophila, there has been no clear evidence that
u(H) has a repressive function, although the recent analy-
is of single-minded regulation is suggestive of this model
(Morel and Schweisguth, 2000). However, ectopic expres-
sion of Su(H) in Drosophila prevents sensory organ devel-
opment in a similar manner to activated Notch (Schweis-
guth and Posakony, 1994), suggesting that Su(H) can
function as an activator in the absence of Nicd. Furthermore,
different effects of Su(H) on transcriptional regulation have
been reported in tissue culture assays; in some assays Su(H)
alone gave significant transcriptional activation (Brou et al.,
1994) whereas in others it had little or no effect in the
absence of Nicd (Eastman et al., 1997).
A third mechanism for regulating Su(H) activity involves
airless (Bang and Posakony, 1992; Maier et al., 1992),
hich is an antagonist of Su(H) in many different develop-
ent processes. Reductions in the amount of Hairless lead
o phenotypes of bristle-loss and vein-loss characteristic of
otch gain-of-function. These phenotypes are suppressed
y reducing Su(H) (in a Su(H); Hairless transheterozygote)
nd enhanced by increasing Su(H) (using a chromosomal
uplication or a transgene), demonstrating that the activity
f the pathway is highly sensitive to the levels of these two
roteins (Fortini and Artavanis-Tsakonas, 1994; Schweis-
uth and Posakony, 1994; Bang et al., 1995). In vitro studies
indicate that Hairless and Su(H) interact directly, forming a
complex that is no longer able to bind to DNA (Brou et al.,
1994). It is not clear however whether Notch activity
influences the interaction between Hairless and Su(H).
In order to dissect further the mechanisms involved in
Su(H)-mediated activation we have characterized the effects
produced by the ectopic expression of different modified
forms of Su(H). The aim was to mimic the changes postu-
lated to activate Su(H) and so the proteins were engineered
to contain a fusion with a transcriptional activation domain
of the Herpes Simplex Virus VP16 (Su(H)VP16), a nuclear
Copyright © 2000 by Academic Press. All rightocalization signal to target Su(H) to the nucleus (Su-
H)NLS), and a deletion of the domain required to interact
ith Hairless (Su(H)DH). The UAS/Gal 4 system (Brand and
errimon, 1993) was used to ectopically express this modi-
ed forms of Su(H) and their effects were analyzed in the
ontext of phenotypes produced by activating the Notch
athway. Although Su(H)VP16 caused effects comparable to
ctopic Notch, both the wild-type Su(H) and the other
odified forms elicited mixed phenotypes, indicative of
oth gain and loss of Notch activity. These results are most
ompatible with a model for Su(H) function that involves it
articipating in complexes that both activate and repress
otch target genes.
MATERIALS AND METHODS
Drosophila Strains
We used the loss-of-function alleles Hp41 (Maier et al., 1997), H31
(Bang et al., 1995), H2, and N55e11 (Lindsley and Zimm, 1992); the
al4 lines dpp-Gal4 (Staehling-Hampton et al., 1994) and ptc-Gal4
(Speicher et al., 1994); the UAS lines UAS-H, UAS-Su(H) (gifts of L.
Seugnet and M. Haenlin), and UAS-lacZ (Brand and Perrimon,
1993); and the reporter lines mb1.5-lacZ (Cooper and Bray, 1999)
and vgBE-lacZ (Williams et al., 1994).
Construction of Modified Forms of Suppressor of
Hairless
To minimize any differences in translational efficiencies, all the
modified forms of Su(H) were engineered to have translation start
consensus sequence: ACCATGG (Kozak, 1986), as this was the
sequence present in pHK3NVP16 (see below). The cloning strate-
gies were as follows.
UAS-Su(H)VP16. This was as described in Cooper et al. (2000).
UAS-Su(H)NLS. The coding region of Su(H) (amino acids 18 to
594 (Schweisguth and Posakony, 1992) was amplified using the
primers GCGGATCCGCCTACGAAACTACGGTTG and GCA-
GATCTAGGATAAGCCGCTACCATG, digested with BamHI
and BglII, and ligated into BglII and BamHI of pHK3NVP16 (gift of
T. Kouzarides) to produce a construct where the coding region of
Su(H) was fused in frame with the SV40 nuclear localization signal
(NLS; Pro-Lys-Lys-Lys-Arg-Lys-Val). The NLS-Su(H) sequence was
amplified using the primers GGAATTCACCATGGCTCCGAA-
GAAGAAGCG and GCAGATCTAGGATAAGCCGCTACCATG,
digested with EcoRI and BglII sites, and ligated into pUAST (Brand
and Perrimon, 1993).
UAS-Su(H)DH. The coding region of Su(H) (amino acids 18 to
457) was amplified using the primers GGAATTCACCATGGC-
CTACGAAACTACGGTTG and GCAGATCTACTGCAGAT-
GCGGCGTAAAG, digested with EcoRI and BglII, and then ligated
into pUAST.
The modified forms of UAS-Su(H) constructs were injected into
w118 flies using standard procedures to generate w1 transformants
(Rubin and Spradling, 1982). Several (9–12) lines of each were
analyzed and usually two lines were selected for further experi-
ments. For UAS-Su(H)VP16, we used an insert on chromosome II,
which gave moderate phenotypes (pupal lethal with ptc-Gal4), and
one on chromosome III, which gave strong phenotypes (early larval
lethal with ptc-Gal4). All 9 transgenic lines of UAS-Su(H)DH gave
s of reproduction in any form reserved.
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Copyright © 2000 by Academic Press. All righta similar phenotype (viable with ptc-Gal4); one line on II and one
on III were used. For UAS-Su(H)NLS an insert (chromosome III)
which gave a strong phenotype (pupal lethal with ptc-Gal4) was
used. Other lines gave similar but weaker phenotypes (viable with
ptc-Gal4). Two transgenic lines of UAS-Su(H)wt (gifts of L. Seugnet
and M. Haenlin) were used, one on II (strong phenotype, pupal
lethal with ptc-Gal4) and the other on III (moderate phenotype,
pupal lethal with ptc-Gal4).
b-Galactosidase Detection and
Immunofluorescence
Histochemical detection of b-galactosidase activity was based on
procedures described previously (Simon et al., 1985; Glaser et al.,
1986). Immunofluorescence was performed as described in Jen-
nings et al. (1995). The following primary antibodies were used: rat
anti-Su(H) (Gho et al., 1996) 1/1000, anti-Vestigial (Williams et al.,
993) 1/20, anti-Coracle (Fehon et al., 1994) 1/1000, and anti-
ingless (Brook and Cohen, 1996) 1/1000. Secondary antibodies
ere from Jackson Laboratories and were used at 1/100–1/300 final
ilution. Discs were dissected in 50% glycerol and mounted in AF1
ountant (Citifluor Ltd., City University, London, UK) for analysis
sing a Leica confocal microscope.
Mounting of Wings
Many combinations were lethal at late pupal stages so the
pharates were dissected from the pupal cases and stored in ethanol.
Before mounting they were treated with 10% KOH at 90°C for 5–10
min and washed with water (three times) and ethanol. The inflated
wings were dissected in ethanol and mounted in Euparal (Asco
Laboratories) or ethanol:lactic acid (1:1).
RESULTS
Three different modified forms of Su(H) were engineered
(Su(H)VP16, Su(H)NLS, and Su(H)DH; Fig. 1A) so that the
altered proteins could be expressed in vivo using the UAS/
Gal4 system (Brand and Perrimon, 1993). Su(H)VP16 and
Su(H)NLS are fusions of the herpes simplex virus VP16
activation domain and the SV40 nuclear localization signal
to the N-terminus of the Su(H) protein (Fig. 1A). Su(H)DH is
a deletion of the carboxy-terminal 137 amino acids which
encompass the Hairless-binding domain (Fig. 1A; Brou et
al., 1994).
UAS-lacZ (b-galactosidase activity); the region corresponding to
that shown in B, E, G, and I is boxed in C. ptc-Gal4 and dpp-Gal4
both drive expression along the anterior/posterior compartment
boundary, but the levels of expression from ptc-Gal4 are signifi-
cantly higher. Su(H)VP16 (B), Su(H)wt (E, F), Su(H)NLS (G, H), and
Su(H)DH (I, J) are present in a stripe in the wing pouch that
corresponds to the ptc-Gal4 domain. The proteins are present
throughout the cell; however, at high magnification (F, H, J) it is
evident that Su(H)NLS is detected at highest levels in the nuclei
(H, H9) whereas Su(H)DH is at higher levels close to cell boundariesFIG. 1. Modified forms of Su(H) used in misexpression assays. (A)
Diagrams indicate the regions of the Su(H) protein present in the
different modified forms (numbers refer to the residues (Schweis-
guth and Posakony, 1992) at the sites of truncation/fusion). Purple
shading, region containing DNA-binding and Notchicd-binding ac-
tivities; blue shading, region containing Hairless-binding activity
(Brou et al., 1994; Maier et al., 1997). The green oval, NLS,
represents the amino acids (PKKKRKV) of the SV40 nuclear local-
ization signal and the orange oval, VP16, represents the Herpes
Simplex Virus VP16 transcriptional activation domain (amino
acids 415 to 490 (Darymple et al., 1985)). (B, E–J) The levels of the
misexpressed proteins are revealed by anti-Su(H) (green) and com-
pared to both nuclear (anti-vestigial, red) and cell surface (anti-
coracle, blue) proteins. (C, D) The expression of the driver lines(J, J9). In F9, H9, and J9 only the green (anti-Su(H)) channels are shown.
s of reproduction in any form reserved.
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523Dissecting the Mechanisms of Suppressor of Hairless FunctionWhen expressed using the ptc-Gal4 driver line, the
odified forms of Su(H) and the wild-type protein (Su-
H)wt) could easily be detected in third instar discs,
lthough the levels of Su(H)VP16 were lower than for the
ther three proteins (Figs. 1B, 1E, 1G, and 1I). In all cases
he protein produced was present in both the cytoplasm
nd the nucleus (Figs. 1F, 1H, and 1J); however, the ratio
FIG. 2. Phenotypes produced by modified Su(H) proteins include w
ies where the different modified forms of Su(H) have been expr
tc-Gal4, Su(H)wt (B, C) leads to outgrowths in the proximal regio
art of the wing margin (D) and small proximal outgrowths (arrow
ross-vein (data not shown) and occasionally nicks of the distal w
argin (arrow) and the wings are very distorted. The lower level
u(H)wt (H) the distal L3 vein is eliminated; with Su(H)NLS (I) occa
nd the L3 vein is wider; with Su(H)VP16 (J) an ectopic wing ma
ombinations were lethal and as the flies died in the pupal case t
aterials and Methods). In C and E the dorsal and ventral wing sur
ide of the wing margin revealing the overgrowths on both surfacen the two compartments differed. Su(H)NLS was en- (
Copyright © 2000 by Academic Press. All rightiched in nuclei although the percentage of Su(H)NLS in
he nucleus was lower than expected given the heterolo-
ous NLS (Fig. 1H). This suggests that the protein may
ormally be tethered in the cytoplasm. There was a slight
ytoplasmic bias in the distribution of Su(H)DH (Fig. 1J)
hich is consistent with results suggesting that Hairless
s involved in maintaining a pool of Su(H) in the nucleus
overgrowths and wing notches. Wings from wild-type (A) and from
using ptc-Gal4 (B–G) and dpp-Gal4 (H–J). In experiments using
the wing (arrowheads); Su(H)NLS (D, E) causes nicks in the distal
, E); Su(H)DH produces mild phenotypes with loss of the anterior
argin (F). Expression of Su(H)VP16 (G) results in an ectopic wing
xpression using dpp-Gal4 (H–J) lead to milder phenotypes. With
l wing nicks are obtained, the proximal part of the wing is altered,
s formed and the wings are distorted due to extra growth. Many
ings had to be dissected and extended with KOH (B–E, G, J) (see
are not opposed due to the KOH treatment and are splayed eithering
essed
ns of
head
ing m
s of e
siona
rgin i
he w
facesMaier et al., 1999).
s of reproduction in any form reserved.
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524 Furriols and BrayOnly Su(H)VP16 Fully Imitates Notch Activation in
the Wing
We focused on the effects produced by ectopic expression
of Su(H) proteins in the wing disc. The highest levels of
Notch activity normally occur at the dorsal/ventral (d/v)
boundary of the wing disc where they coordinate growth
and patterning of the wing and the wing margin (Diaz-
Benjumea and Cohen, 1995; Kim et al., 1995; de Celis et al.,
1996). When Nicd is expressed in the domain of ptc-Gal4 it
ctivates the expression of genes normally transcribed at
he d/v boundary (e.g., wingless and vestigial boundary
enhancer) and causes ectopic wing margin structures and
wing outgrowths (Diaz-Benjumea and Cohen, 1995; Kim et
al., 1995; de Celis et al., 1996; Doherty et al., 1996). Any
hanges to the Su(H) proteins that mimic the effects of
otch activation should result in phenotypes similar to
icd.
The phenotypes produced by Su(H)VP16 effectively reca-
pitulated those seen with Nicd as has been observed in other
ystems (Kidd et al., 1998; Morel and Schweisguth, 2000).
ings from flies expressing Su(H)VP16 in the ptc-Gal4
omain were distorted by extensive outgrowth that was
ccompanied by ectopic wing margin structures (Fig. 2G).
u(H)wt and Su(H)NLS also gave phenotypes with some
imilarity to Notch gain-of-function (Figs. 2B–2E). Both
roteins produced distinct overgrowths in all the flies
xamined. However, these outgrowths were always limited
o the proximal region of the wing and never extended into
he distal parts. None of the Su(H)DH flies had an out-
rowth phenotype (Fig. 2F). A weaker driver line, dpp-Gal4,
roduced a similar spectrum of effects, although the phe-
otypes were more modest. Clear ectopic margins and
vergrowths on both surfaces were seen in Su(H)VP16
ings (Fig. 2J). However, wings from Su(H)wt and Su(H)NLS
ad some vein loss but no outgrowths (Fig. 2H and data not
hown), indicating a more modest increase in Notch path-
ay activity.
Su(H)wt, Su(H)NLS, and Su(H)DH also produced pheno-
ypic effects characteristic of Notch loss-of-function. A
ercentage of the flies had nicks at the distal tips of their
ings when the ptc-Gal4 driver was used (1%; with Su-
H)wt, 53% with Su(H)NLS, and 9% with Su(H)DH; Table 1,
igs. 2D and 2F). Su(H)NLS also caused some thickening of
III vein, indicating a stronger inhibition of endogenous
otch activity (Fig. 2D) and was the only construct that
esulted in a high frequency of wing nicks in combination
ith dpp-Gal4 (15%; Table 1, Fig. 2I).
The Su(H)VP16 therefore is the only protein capable of
iving consistent Notch gain-of-function phenotypes. This
onfirms that the presence of a transcriptional activation
omain is the most effective way of mimicking Notch
ctivation (Wettstein et al., 1997; Kidd et al., 1998; Morel
and Schweisguth, 2000). In contrast Su(H)wt and Su(H)NLS
produce a mixture of phenotypes suggestive of both Notch
inhibition and Notch activation. One interpretation is that
the loss-of-function phenotypes occur because the ectopic
Copyright © 2000 by Academic Press. All rightSu(H) proteins titrate the available active Nicd or compete
with the active Su(H)-Nicd complexes for binding to DNA,
hereas the gain-of-function effects arise from titration of a
epressor complex. If the former is correct, the loss-of-
unction phenotypes should be enhanced by reducing the
ose of Notch. This is what we observed; the frequency and
ize of wing nicks produced by combinations with ptc-Gal4
r dpp-Gal4 was increased in N55e11/1 flies (84–100%
icked-wings, Table 1) while there was little change in the
umber of outgrowths. Thus we favor the interpretation
hat the loss-of-function effects are because of titration of
icd containing complexes.
Differential Responses of Target Genes: Su(H)wt
and Su(H)NLS Prevent Expression of Some Notch
Target Genes at the d/v Boundary and Activate
Others
The phenotypes produced by misexpressing Su(H)wt and
Su(H)NLS appear to combine activation and repression of
Notch activity. To confirm whether this interpretation is
correct, we analyzed the effects on genes whose expression
at the dorsal/ventral boundary is dependent on Notch. Two
assays used fragments that are directly responsive to Su(H)
and Nicd: mb1.5 (a fusion between the E(spl)mb regulatory
sequences and lacZ; Cooper et al., 2000) and vgBE-lacZ (a
fusion between the vestigial boundary enhancer and lacZ;
Williams et al., 1994). We also examined expression of
wingless (detected using anti-Wg antibody; Brook and Co-
hen, 1996) and the entire vestigial gene (detected using
TABLE 1
The Percentage of Nicked Wings Produced by the Ectopic
Expression of the Modified Forms of Su(H) Is Strongly Enhanced
by Reducing the Dose of Notch
Genotypes
% Wings
with nicks
No. of
wings
N55e11/1 49 334
pp-Gal4; UAS-Su(H)wt; FM6/1 0 40
pp-Gal4; UAS-Su(H)wt; N55e11/1 62 50
pp-Gal4; UAS-Su(H)NLS; FM6/1 15 34
pp-Gal4; UAS-Su(H)NLS; N55e11/1 100 10
pp-Gal4; UAS-Su(H)DH; FM6/1 3 40
pp-Gal4; UAS-Su(H)DH; N55e11/1 100 40
tc-Gal4; UAS-Su(H)wt; FM6/1 1 71
tc-Gal4; UAS-Su(H)wt; N55e11/1 84 36
tc-Gal4; UAS-Su(H)NLS; FM6/1 53 49
tc-Gal4; UAS-Su(H)NLS; N55e11/1 100 15
tc-Gal4; UAS-Su(H)DH; FM6/1 9 226
tc-Gal4; UAS-Su(H)DH; N55e11/1 100 60
Note. Percentage (%) of wings with nicks of the specified
enotypes. The baseline for nicking is given as N55e11/1; this was
btained from a range of genotypes where N55e11/1 was combined
ith UAS chromosomes tested.anti-Vg antibody; Williams et al., 1993), which may involve
s of reproduction in any form reserved.
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526 Furriols and Brayindirect as well as direct regulation by the Notch pathway
(Neumann and Cohen, 1996). All are ectopically activated
by Su(H)VP16 consistent with it mimicking the effects of
Nicd (Figs. 3E,3J, 4D, and 4G and data not shown).
As anticipated, the wing-nick phenotypes produced by
he modified Su(H) proteins in combination with ptc-Gal4
orrelate with a reduction in the levels of mb1.5 and
wingless expression at the d/v boundary (Fig. 3). mb1.5
ppeared to be more sensitive and was strongly repressed by
ll three proteins (Figs. 3B–3D), with Su(H)NLS the most
ffective as suggested by the wing-nicking phenotypes (Fig.
C). The effects on wingless were milder and only Su-
H)NLS strongly repressed expression (Figs. 3G–3I).
In contrast, vgBE-lacZ showed a very different response
and was ectopically activated by both Su(H)wt and Su-
(H)NLS (Figs. 4B and 4C). The activation of vgBE-lacZ was
lso observed when the levels of misexpressed proteins
ere lower (using dpp-Gal4; Figs. 4E and 4F) although in
his combination Su(H)NLS and Su(H)wt still repressed
b1.5 (Figs. 4H and 4I). The two enhancers therefore appear
ntrinsically different in the way they respond to Su(H)
uggesting that their regulation may involve different
hresholds of activating and repressing Su(H) containing
omplexes (see Discussion).
Gain-of-Function Phenotypes Involve Titration of
Hairless Function
If the overgrowth phenotypes we observe with Su(H)wt
and Su(H)NLS are equivalent to ectopic Notch activity, we
should detect some activation of Notch target genes at the
peripheral wing-pouch locations that give rise to the proxi-
mal wing structures. Both Su(H)wt and Su(H)NLS resulted
in activation of wingless and vestigial at the periphery of
the disc in a region where the morphology indicates that
there is ectopic growth (Figs. 3G, 3H, 4B, 4C, 5A, and 5C.
Note that the endogenous vestigial gene (Fig. 5) behaves
slightly differently from vgBE-lacZ (Fig. 4), which reproduces
nly a subset of its expression). These effects therefore are
eminiscent of a Notch gain of function phenotype.
One explanation for the outgrowth phenotypes is that
u(H)wt and Su(H)NLS titrate a Notch repressor in the
FIG. 3. Response of wingless and E(spl)mb to Su(H)wt and modifie
monitored using mb1.5 (wild-type, A), is repressed by Su(H)wt (B),
E). Expression of wingless (anti-Wg, F–J) is detected at the d/v bou
u(H)NLS (H), and Su(H)VP16 (J) but not by Su(H)DH (I). With Su(H)V
ith Su(H)wt (G) and Su(H)NLS (H) the ectopic expression is only d
nd Su(H)DH also inhibit the endogenous expression at the d/v bo
IG. 4. Individual target enhancers respond differently to ecto
galactosidase activity: vgBE-lacZ A-F, mb1.5, G–I) reveals different
ectopic Su(H)wt (B, E) and Su(H)NLS (C, F) both at high levels (usin
activation is similar to that seen with Su(H)VP16 (D, expressed usin
In contrast mb1.5 expression is inhibited even at intermediate level
that the discs in G–I are mid third instar, and the overall levels of expr
Copyright © 2000 by Academic Press. All rightperiphery of the pouch. As Su(H)DH fails to elicit wing-
outgrowths or ectopic Wingless (Figs. 2F and 3I), part or all
of the repressor activity could be due to Hairless in which
case the phenotypes should be enhanced by reducing Hair-
less function. Both the increase in the size of the over-
growths apparent in the wing imaginal discs in H/1 or H/H
flies and the effects on target gene expression (Fig. 5)
support this model. For example, ectopic Su(H)wt is able to
activate expression of wingless and vestigial much more
uniformly in H/1 wing discs (Fig. 5B). There is little change
in the capacity of Su(H)DH to elicit overgrowths in this
background (Fig. 5E), consistent with the effect requiring a
direct interaction between Hairless and Su(H) proteins.
Combining Su(H) with Hairless Produces a
Powerful Repressor
The antagonistic relationship between Hairless and
Su(H) is evident from genetic interactions, where dosage
experiments indicate that Hairless titrates the activity of
Su(H) (Schweisguth and Posakony, 1994). The increased
overgrowth caused by Su(H)wt and Su(H)NLS in H/1 back-
ground is in agreement with this model. Furthermore, in
vitro studies indicate that Hairless interacts directly with
Su(H) forming a complex that is no longer able to bind the
DNA (Brou et al., 1994). We therefore predicted that by
misexpressing Su(H) together with Hairless we should re-
duce the severity of the phenotypes, restoring mb1.5 gene
expression and eliminating ectopic vgBE-lacZ activation.
However, the ectopic coexpression of Hairless and Su(H)wt
with dpp-Gal4 failed to rescue the effects of Su(H) alone and
nstead had a powerful repressive effect: eliminating vgBE-
acZ expression, inhibiting growth in the wing pouch,
ncreasing the width of the veins, and inducing a bigger nick
n the wing margin (Figs. 6B and 6F). The effects were much
ore severe than expression of Hairless alone, which
aused mild wing nicking and a slight reduction in vgBE-
lacZ expression (Figs. 6A and 6D). This suggests that it is
not simply the relative levels of the two proteins that is
important; the formation of Su(H)/Hairless complexes cre-
ates a strong inhibitor. Furthermore, the inhibitory effects
are compromised by deleting the Hairless interaction do-
(H) proteins. Expression of E(spl)mb (b-galactosidase activity, A–E),
)NLS (C), and Su(H)DH (D) but is strongly activated by Su(H)VP16
of wild-type discs (F) and is activated ectopically by Su(H)wt (G),
ectopic Wg is detected throughout the ptc-Gal4 domain (J) whereas
ted at the periphery of the pouch (arrowheads G and H). Su(H)NLS
ry (arrows H and I).
Su(H)wt and Su(H)NLS. Analysis of target gene expression (b-
ffects. vgBE-lacZ expression (A, wild-type) is strongly activated by
-Gal4; B, C) and at intermediate levels (using dpp-Gal4; E, F). The
-Gal4), although the morphology of the discs is affected differently.
u(H)wt (H) and Su(H)NLS (I) whereas Su(H)VP16 activates (G). Noted Su
Su(H
ndary
P16
etec
unda
pic
ial e
g ptc
g dpp
s of Session are much lower than in later stage discs (e.g., Fig. 3).
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527Dissecting the Mechanisms of Suppressor of Hairless FunctionFIG. 5. Reductions in Hairless activity enhance the wing-overgrowth phenotypes of Su(H)wt and Su(H)NLS. Misexpression of Su(H)wt (A)
and Su(H)NLS (C) using ptc-Gal4 leads to ectopic Wg (red) and Vg (green) expression at the periphery of the wing-pouch (white arrows) and
o mild outgrowths. In H2/1 heterozygotes (B, D) the effects are greatly enhanced, so that Su(H)wt (B) and Su(H)NLS (D) cause large patches
f Vg and Wg ectopic expression (white arrows) and considerable overgrowth of the wing pouch. The disc in D has a slight fold in the pouch.
u(H)DH fails to elicit these effects in H2/1 heterozygotes (E). Further reductions in Hairless function (H2/Hp41) enhance the overgrowth and
ectopic Wg caused by Su(H)wt (F) so that the phenotypes in some discs resemble those caused by Su(H)VP16 (see Fig. 3J).
FIG. 6. Combinations of Su(H) and H result in increased repression of target genes. The mild wing nicks caused by Hairless misexpression
(A) are greatly enhanced in the combination of Su(H)wt and Hairless (B) and the size of the wing is dramatically reduced. Similar effects
occur with vgBE-lacZ expression. vgBE-lacZ expression (C; wild-type) is mildly repressed by Hairless alone (D) and strongly activated by
u(H)wt (E), whereas strong repression occurs when Hairless is combined with Su(H)wt (F). Su(H)DH has little effect on vgBE-lacZ, although
there may be slight activation (G); likewise Su(H)DH and Hairless together (H) give a similar effect to that of Hairless alone. In A–H
dpp-Gal4 was used as the driver. In H31 mutant wing discs (j; vgBE-lacZ;H31/H31) the wing pouch is enlarged and vgBE-lacZ is more broadly
expressed compared with wild-type (I; vgBE-lacZ;H31/TM6B). In C–H the discs have one copy of vgBE-lacZ and were stained with X-gal for
0 min, while in I–J the discs have two copies of vgBE-lacZ and were stained for 50 min.
Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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528 Furriols and Braymain as the phenotypes produced by coexpression of
Su(H)DH and Hairless were similar to the effects produced
by expression of Hairless alone (Fig. 6H and data not
shown).
It appears therefore that the direct interaction between
Su(H) and Hairless produces a complex that strongly re-
presses Notch pathway activity. One prediction of this
model is that target genes should be derepressed in a
Hairless mutant. This is indeed the case for vgBE-lacZ (Figs.
6I and 6J) which is more broadly expressed in the wing
pouch of H/H discs.
DISCUSSION
Su(H) is a key intracellular transducer of the Notch signal
that binds directly to DNA and regulates transcription of
target genes. A variety of different mechanisms have been
FIG. 7. A dual role for Su(H) in Notch signaling. One model to ex
in at least three DNA-bound complexes. In cells where there is no/l
gray) to form a “repressor complex” that inhibits Notch target gen
complex. In cells where Notch is active Nicd displaces the corep
ranscription (Nicd-obligate) or Su(H) (blue) interacts with other coa
u(H) would be able to compete with the predominant complex on t
e.g., mb1.5) would require Su(H) and Nicd, so would be largely inact
permit transcription, if other activators are present.proposed to explain how Su(H) is modulated by Notch.
Copyright © 2000 by Academic Press. All rightowever, of the different forms tested, only the fusion with
transcription activation domain Su(H)VP16 conferred phe-
otypes equivalent to Notch activation, consistent with a
odel where signaling via Notch converts Su(H) into a
ranscriptional activator (Hsieh et al., 1996; Roehl et al.,
996; Wettstein et al., 1997; Kidd et al., 1998; Lecourtois
and Schweisguth, 1998; Schroeter et al., 1998; Struhl and
Adachi, 1998). In contrast, fusion of a heterologous NLS to
Su(H) did not result in increased Notch pathway activity
although the proportion of Su(H) in the nucleus was in-
creased. This argues against nuclear accumulation being a
key mechanism in the activation of Su(H). Similarly, al-
though Hairless is a known antagonist of Su(H) (Fortini and
Artavanis-Tsakonas, 1994; Schweisguth and Posakony,
1994; Bang et al., 1995), deletion of the Hairless-binding
domain did not give rise to a constitutively active form of
the protein. This suggests that dissociation of Hairless from
Su(H) is not sufficient for activation and is consistent with
the effects of ectopic Su(H). (A) We postulate that Su(H) can exist
otch Su(H) (blue) interacts with corepressors (e.g., HDAC complex,
). We suggest that Hairless (green) could be part of this repressor
rs. Then either Nicd directly participates with Su(H) to activate
tors (brown) to promote transcription (Nicd-permissive). (B) Excess
NA and might lead to “free” Su(H) bound to DNA. Some enhancers
On other enhancers (e.g., vgBE-lacZ) the free DNA-bound Su(H) canplain
ow N
es (X
resso
ctiva
he D
ive.Notch contributing some additional activity to Su(H). In
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529Dissecting the Mechanisms of Suppressor of Hairless Functionaddition we find that combinations of Hairless and Su(H)
result in strong repression of Notch target genes, suggesting
that Hairless could have an active role in mediating target
gene repression with Su(H).
A Dual Role for Su(H) in Regulating Notch Target
Genes
The mixed loss and gain of Notch function phenotypes
produced in the wing by ectopic expression of Su(H)wt and
Su(H)NLS suggest that Su(H) has a dual function, acting in
some contexts as an activator and in others as a repressor.
The simplest model (Fig. 7) is that Su(H) can exist in at least
two complexes, one where it interacts with a coactivator(s)
and the other where it interacts with a corepressor(s), as has
been proposed from transcription assays in mammalian
cells (Hsieh et al., 1996, 1999; Kao et al., 1998). In cells
here there is no/low Notch signaling the primary function
f Su(H) would be to keep the target genes repressed by
nteracting with a corepressor complex. One of these core-
ressors could be Hairless (see below); another could be the
DAC complex described in vertebrates (Kao et al., 1998;
sieh et al., 1999). In contrast, in the cells where Notch is
ctive Su(H) would be complexed with coactivator(s) (e.g.,
icd (Roehl et al., 1996; Kao et al., 1998)) so that the
ranscription of Notch target genes would be initiated.
epending on the relative levels or activity of the compo-
ents, the equilibrium would shift in favor of one or other
omplexes (Fig. 7).
The proportion of Su(H) that is in different complexes
ill influence whether there is a net gain or a net loss of
ctivation, when ectopic Su(H) is added. For example, the
henotypes that mimic Notch loss of function are observed
articularly when Su(H)NLS is expressed at the d/v bound-
ry, where the Notch activity is normally high. This sug-
ests that the elevated levels of Su(H) compete with Su(H)/
icd complexes for binding to the DNA, so preventing
activation of target genes. The fact that the nuclear en-
riched Su(H)NLS is the most effective at eliciting loss-of-
function phenotypes supports the idea that the dominant-
negative effects take place on the DNA. This would also
explain how the ectopic Su(H) can titrate Nicd activity, even
though the latter is thought to be present in limiting
amounts so that even in normal circumstances Su(H)
should be present in excess (Schroeter et al., 1998).
Neither E(spl)mb nor vgBE-lacZ is expressed in Su(H)
utant discs (Kim et al., 1996; Cooper et al., 2000) which
an be explained if Su(H) is required for activation as well as
epression as the model suggests. It is expected that, to
ctivate many enhancers, Su(H) will absolutely require
nteraction with Nicd to acquire coactivator function. We
ould expect that these “Nicd-obligate” enhancers (Fig. 7)
would be like mb1.5 and would be inhibited by excess
u(H), since there would be insufficient Nicd. However, it is
evident from our experiments that some target genes (e.g.,
vgBE-lacZ) can be activated by increasing Su(H), in circum-
stances where there may be little or no Nicd. On these a
Copyright © 2000 by Academic Press. All right“Nicd-permissive” enhancers (Fig. 7), the role of Su(H) in
activation may be primarily to tether other activators or to
alter the chromatin allowing access to other proteins and
would not require Nicd coactivator function. This would
ean that the dislodging of a DNA-bound Su(H) repression
omplex by excess Su(H) could result in activation even in
he absence of Nicd, although under normal circumstances
icd would still be required to displace the corepressor from
u(H). Therefore, the fact that the mb1.5 enhancer is
repressed by ectopic Su(H) whereas vgBE-lacZ is activated
an be explained if mb1.5 requires a coactivator function
from Nicd, whereas vgBE-lacZ only requires displacement of
the corepressor, and an otherwise permissive role for Su(H).
This model can account for the different effects that have
been seen in tissue culture assays, where some targets
require Su(H) and Nicd and others can be activated by Su(H)
lone (Brou et al., 1994; Eastman et al., 1997).
Role of Hairless
The phenotypes of increased Notch activation (out-
growths in the periphery of the wing disc, accompanied by
ectopic wingless and vestigial expression) produced by
misexpression of Su(H) or Su(H)NLS are greatly enhanced
by reducing the dose of Hairless (in H/1 heterozygotes).
This suggests that the gain-of-function phenotypes are the
result of titrating the antagonist Hairless. In agreement, a
deletion of the Hairless interaction domain [Su(H)DH] pre-
vents the gain-of-function phenotypes, but not the
dominant-negative effects.
Genetic interactions between Su(H) and Hairless indicate
that they act antagonistically, so it is not unexpected that
excess Su(H) would compete for Hairless (Fortini and
Artavanis-Tsakonas, 1994; Schweisguth and Posakony,
1994; Bang et al., 1995). Based on previous in vitro experi-
ments, where Hairless interfered with the DNA-binding
activity of Su(H) (Brou et al., 1994), we expected that the
role of Hairless was simply to sequester Su(H) in an inactive
complex. If this had been the case, the phenotypes seen by
Su(H) overexpression should have been corrected by coex-
pression with Hairless and vice versa. Instead the opposite
result was obtained; combined expression of Hairless with
Su(H) in the wing disc resulted in powerful repression of
vgBE-lacZ and inhibited wing-disc growth. This suggests
hat Hairless has a more active role in repressing target
enes, and the simplest model therefore is that Hairless
articipates in a corepressor complex with Su(H). This
ould mean that in vivo Hairless may not displace Su(H)
rom the DNA, as suggested by the in vitro experiments
Brou et al., 1994). However it is probable that there are
ther factors involved in the switch in Su(H) activity and
he same effects would be observed if the combination of
u(H) and Hairless is particularly effective at sequestering
nother positive factor.
s of reproduction in any form reserved.
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530 Furriols and BraySince expression of endogenous Hairless and Su(H) ap-
pears uniform through the wing pouch (Gho et al., 1996;
Maier et al., 1999), it is unclear why the ectopic Su(H)
should only titrate Hairless effectively at the periphery, as
suggested by the outgrowths observed. One possible expla-
nation is that the activity of Hairless is regulated posttrans-
lationally, making it less active at the edge of the pouch so
that it is outcompeted there more easily. An alternative
explanation is suggested by the uniform but different re-
sponses of the two target enhancers (vgBE-lacZ and mb1.5).
If other enhancers behave in the same way, i.e., their
responses are constant throughout the domain of misex-
pression, then the differences in phenotypes at the d/v and
the periphery would be a consequence of the cells respond-
ing differentially to the proteins being produced. This
implies therefore that expression of genes, which are like
vgBE-lacZ and require the Nicd-permissive activities of
Su(H), would be induced throughout the domain of ectopic
Su(H) but would only be sufficient to elicit outgrowths at
the periphery. Altering the levels of Hairless would lead to
an increase in the expression of these genes with a concomi-
tant increase in gain-of-function phenotype. Expression of
genes like E(spl)mb that require the Nicd-obligate activities
of Su(H) would not be induced even at lower Hairless levels,
since the amounts of Nicd would always be limiting. The
oss-of-function phenotype at the d/v boundary indicates
hat at least one gene of the genes required there should be
f the latter, E(spl)mb-like class.
Our results therefore indicate that Su(H) is probably
nvolved in at least three different types of complexes, an
ctivating complex requiring Nicd as coactivator [Nicd-obli-
ate; Su(H)1Nicd], an activating complex involving another
oactivators [Nicd permissive; Su(H)1X], and a repression
omplex [e.g. Su(H)1H] (Fig. 7). Data to support the pro-
osal that some enhancers may be activated by Su(H) acting
ithout an absolute requirement for Nicd as coactivator
ome from independent studies where Su(H) has been
isexpressed in the absence of Notch (see note added in
roof). In order to definitively demonstrate that Su(H)
epression also occurs it will be necessary to design an
nhancer that can be activated independently of Su(H), so
hat the repressive function can be assessed separately from
he activation functions.
The ability of the ectopic proteins to perturb both acti-
ating and repressing functions associated with Su(H) dem-
nstrates the need for caution in interpreting overexpres-
ion studies. It is commonly assumed that increasing the
evels of a protein will be equivalent to increase in activity,
gain of function.” However, it is evident that overexpres-
ion of a protein which is involved in several different types
f complexes can result in it having a variety of different
ffects. For example, if any of the other components are
ore limiting, then the outcome could be dominant-
egative effects (as with the wing-nicks elicited by Su-
H)NLS) rather than increased activity of a pathway.
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Note added in proof. While this manuscript was under review, a
paper with related results was published, “Two Different Activities
of Suppressor of Hairless during Wing Development in Drosophila”
by Klein, T., Seuynet, L., Haenlin, M., and Martinez-Arias, A.
(2000). Development 127, 3553–3566. This paper demonstrates
hat ectopic Su(H) can activate VgBE-lacZ in the absence of Notch.
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